Abstract
Several methodologies are used throughout the world to determine phosphate concentration (measured as PO 4 and expressed as % P 2 O 5 ) in fertilizers. Concentrated phosphate materials, including diammonium phosphate (DAP) and monoammonium phosphate (MAP), are traded in large volumes (millions of metric tons) internationally. The International Fertilizer Association (IFA) identified a need to assess the methods currently being used to measure the phosphate content for suitability (scope), accuracy and repeatability. Even small discrepancies in the expressed P 2 O 5 content can have a major financial impact on buyers and sellers as contracts are settled and import regulations are imposed.
The IFA's Technical Committee selected a working group to address issues dealing with harmonization of fertilizer sampling and analytical methodologies. The working group identified phosphate content in DAP and MAP fertilizers as a major concern for commerce. The working group initiated a method screening and comparison project to assess method performance and to determine which methods, if any, could be considered best practice methods and, therefore, be deemed acceptable for use by the industry.
In order to systematically review the acceptability of methods for consideration, the task force developed an assessment protocol outlined in a white paper involving three steps: 1) compile all known relevant methods practiced in global fertilizer trade; 2) review and evaluate methods based upon specific evaluation criteria and 3) compare the methods that most closely fit the evaluation criteria by multi-laboratory analysis of unknown materials for accuracy and repeatability.
Six methods were evaluated for analysis of total phosphate in concentrated phosphate products. From these methods, four were determined to be acceptable as best practice methods. The study members proposed three of the methods, while a fourth method was commonly used amongst the participating laboratories. This publication is a summary of the method comparison process and statistical evaluation of analysis of total phosphate content in concentrated phosphate fertilizers.
Evaluation of Commonly Used Methods for the Analysis of Acid-Soluble Phosphate in Internationally Traded Inorganic Fertilizers

Introduction
Under the authorization of the International Fertilizer Association's (IFA's) Technical Committee, a working group was formed to address issues dealing with harmonization of fertilizer sampling and analytical methodologies. With the acceleration of global fertilizer trade, IFA's diverse membership has experienced an increasing number of contractual disputes due to the variable use of methods and procedures to sample and analyze international product shipments.
In a member-driven initiative, a broad-based task force was formed in 2007 to address this matter. Company representatives from key global producers, traders and inspection companies participate in the task force.
Method variability and inaccuracies often impact IFA members as well as others throughout the international fertilizer community. Lack of internationally accepted or standardized fertilizer sampling and analytical methods is seen as a leading cause for non-representative, inaccurate or highly variable sample results. Initial discussions of the group included identification of drivers for IFA action, a vision or set of goals for the group and a list of shortterm action items. Among the priority goals, four primary action items were identified, namely: 1) to prioritize products and key parameters and to evaluate related methods for their applicability, statistical performance and degree of validation using acceptable criteria; 2) to develop a list of recommended voluntary best practice methods based on a balanced, structured, and collaborative assessment process; 3) to publish a listing of IFA recommended sampling, sample preparation and analytical methods that can be referenced in international trade; and 4) to identify and promote IFA member participation in standards setting organizations such as AOAC International or International Organization for Standardization (ISO) to develop and recommend methods for comparison and validation.
These criteria were applied to assessment of methodologies to analyze phosphate in concentrated phosphate materials, which was identified among the high priority action items. This action item was further delineated to assessment of methods for total (acid soluble) and soluble (in several different extraction solutions) or "available" phosphate. This paper focuses on the first of these two objectives and is the culmination of the initial assessment of total phosphate methods commonly used throughout the world.
With a view toward structuring a fair review process, 13 selection and ranking criteria were identified as metrics for the review and selection process prior to selection. Based on the criteria above, three candidate methods were chosen for study following a literature search and evaluation by the group. Participating laboratories were also allowed to submit data for methods they consider viable and that were commonly used by them. Data for three additional methods were considered. Study samples were selected based on several criteria and were tested for homogeneity. Selection factors included: inclusion of reference materials, geographic region of source materials, analyte concentration and contaminant levels.
Participating laboratories were chosen based on their ability to utilize at least one of the three candidate methods, their geographic location and their ability to show proficiency by testing four practice samples supplied to the entire group of candidate laboratories. 45 laboratories were invited to participate in the study. 26 of the invited laboratories were able to participate in the study, with 17 laboratories reporting acceptable data. 7 laboratories reported acceptable data for two methods; so 24 sets of data were used in the evaluation.
Materials and Methods
Identifying and Engaging Representative Stakeholders
Under the authorization of the IFA's Technical Committee, a need was identified to address issues dealing with Harmonization of Fertilizer Sampling and Analytical Methodologies.
Based upon the aforementioned evaluation criteria, methodologies designed to analyze phosphate in concentrated phosphate materials were given a top priority. Fertilizer phosphate analysis was further broken down to assess methods for total (concentrated mineral acid soluble) and soluble (in several different extraction solutions), often referred to as available (or citrate soluble) phosphate. IFA represents most of the international fertilizer producing companies, so the working group also invited independent contract laboratories as well as regulatory laboratories to ensure assessment by a broad base of experts with experience in the analysis of fertilizers. There were two areas of concentration for the outreach, namely, to identify expert reviewers to evaluate protocols and to assess the data and identify candidate laboratories that would represent the industry in a balanced way. The reviewers became the Phosphate Working Group, a subgroup of the Steering Committee. The end result was an invitation list of 45 candidate laboratories. As a result of these invitations, 31 laboratories accepted and were sent practice samples. The 26 laboratories listed in Table 1 successfully demonstrated proficiency based upon their reported data from the practice samples. Proficiency on practice samples was determined by the ability to analyze at least two of the four samples within ±1% P 2 O 5 and the two remaining samples within ±2% P 2 O 5 of the known, theoretical, or homogeneity value. Due to sample delivery and other scheduling issues, only 22 laboratories were able to report data from the various methods. Data were collected and statistically evaluated to identify laboratories that demonstrated high proficiency when analyzing unknown samples. Only data from highly proficient laboratories were used to determine method performance, accuracy and repeatability. After the data were reviewed, 22 sets of data were collected from 17 high performing laboratories. It should be noted that seven of the 17 high performing laboratories reported data from two methods. In our assessment, laboratories that were within 1% P 2 O 5 , with RSD-R values below 1.5 and greater than 80% of their HorRat-R values below 1.5 for the reference samples were considered to be high performing laboratories.
Great care was taken to accurately assess specific key steps in the procedures and equipment used by participating laboratories. Each participating laboratory was required to complete a questionnaire, provided in Appendix I and state that they used one of the proposed methods noted with no modifications. If minor modifications were made, then laboratories were still encouraged to participate and to note the changes or modifications they used.
Developing Method Evaluation Criteria
The steering committee developed a set of criteria used for method selection and evaluation. The Phosphate Working Group used these criteria to screen and select candidate methods. With a goal of structuring a balanced and fair review process, the following 13 criteria listed in Table 2 were chosen in advance to guide the review and selection process. The objective of this study was to compare methods for suitability (scope), accuracy and repeatability (1), not to compare or assess laboratory performance other than using proficient laboratories and their data for method comparisons. 
Identifying Candidate Methods
Based on all of the criteria above, and following an extensive literature search and evaluation by the group, three candidate total phosphate methods were proposed for laboratory study. These three primary methods are listed in Table 3 .
Additionally, participating laboratories were allowed to submit data for methods they considered viable and commonly used. These methods that were not identified by the team are listed in Table 4 . Data were collected for all six methods listed in Tables 3 and 4 . Each method is identified by a lower case italic letter (a-e) throughout the remainder of the text and tables. The complete list of methods that were researched is shown in Appendix II.
The six methods evaluated are further described below as:
• Method a -European Normalization (EN) 15956 -Fertilizers -Extraction of phosphorus soluble in mineral acids -September 2011 (2) (7) with automated spectrophotometric detection of molybdovanadophosphate (8) .
• Method e -Internally developed method using X-ray fluorescence spectrometry of pressed powder; method supplied by Jordan Phosphate Mines Co., Amman, Jordan.
Test Sample Selection and Preparation
After careful consideration, 10 materials were selected for sample preparation (five were duplicated) and are listed in Table 5 . Three materials, Samples 4, 6 and 9, are reference materials. Results from these samples were compared to the certified/consensus results from the suppliers. This information was used to assess accuracy of the methods employed in the study. The 15 unknowns are summarized in Table 5 . Criteria used in the sample selection process including samples with established or certified values, different geographic regions of rock source and dynamic concentration ranging from 15 to 61% P 2 O 5 . These unknown test materials were distributed as blind duplicates. Additionally, each laboratory was asked to run each sample in duplicate (but on different days) to assess both interlaboratory and intralaboratory precision.
The sample preparation and homogeneity process consisted of ensuring preground powdered samples were screened with an ASTM 40 (425 µm sieve opening), grinding granule and crystal samples using a micropulverizer fitted with a screen size of 0.027 in slots and screening the ground portion through the sieve per AOAC method preparation guidelines (9) . A minimum of 40 aliquots for each material were prepared using 50 mL plastic digestion bottles with a minimum of 25 g/bottle. Ten bottles were chosen randomly and tested for homogeneity. The 10 samples were then returned to the inventory. Homogeneity testing was completed according to International Union of Pure and Applied Chemistry (IUPAC) guidelines (10) using two accepted methods of analysis. Results presented in Table 6 satisfy requirements for sufficient homogeneity. 
Sample Distribution and Data Collection
From the initial invitations, 31 laboratories responded positively. Record forms were sent for collecting information regarding the method used and critical contact information for the responding laboratories. Twenty-six laboratories responded with appropriate information and a commitment to complete the study. All 26 laboratories received four practice samples. Practice and unknown samples were sent separately to make sure the addresses and customs information were adequate and to ensure the samples were delivered in a timely manner. Each laboratory was asked to complete and report analysis on the practice samples before proceeding with the unknown samples. Practice sample data were reviewed, and in some cases assistance was offered to bring analysis into alignment with expected values, prior to the laboratory being cleared to proceed with the unknown samples. All 26 laboratories provided acceptable practice sample data. Acceptability was determined by the laboratory being within 1% P 2 O 5 on at least two of the four samples and at least 2% P 2 O 5 on the two remaining samples.
Each lab was asked to run 30 analysis; 15 on two separate days. The 15 unknowns sent to laboratories included 10 materials with 5 of them prepared in duplicate. This provided data to assess interlaboratory and intralaboratory precision. All 26 participating labs reported data for one or more method.
Statistical Analysis
Participating laboratories were chosen based on their ability to apply at least one of the three candidate methods and to show proficiency by testing practice samples supplied to the candidate laboratories. Twenty-six of the invited laboratories participated in analysis of the unknowns, with 17 reporting statistically acceptable data. Seven of the 17 laboratories reported data on two methods, so 24 sets of data met the criteria for acceptability. In addition to precision for the reference materials, means and deviations and calculation of RSD, Predicted Relative Standard Deviation (PRSD) and HorRat values (11) were included in the selection of laboratories that performed at a high level of proficiency. Specifically, in our assessment, methods with RSD-R values below 1.5 and with greater than 80% of their HorRat-R values below 1.5 for the unknown samples were considered to be the best practice methods.
The evaluation of data and statistical treatment is for the purpose of selecting only proficient laboratories and assessing the candidate methods, not to evaluate individual laboratory performance. Because of the large number of different laboratories, samples and methods, a display of the statistics from the entire data set is difficult. Thus the data is displayed in Tables b v = Average of the data reported by highly proficient laboratories -% P2O5.
c σ = Standard deviation based on the reported data by highly proficient laboratories. 
Results
As previously indicated, there were three reference materials included in the study to assess accuracy. The data shown in Table 7 are only from highly proficient laboratories based on performance on the unknown materials.
It is speculated that the reason for the higher RSD-R and HorRat-R values for the No. 9 National Institute of Standards and Technology (NIST) sample is that the phosphate concentration of the material is lower than in typical concentrated products, thus modifications to the weight or calibration solutions were needed to accommodate for the lower concentration.
Data from the EN method(s) -Fertilizers -Extraction of phosphorus soluble in mineral acids followed by EN 15959 -Fertilizers -Determination of extracted phosphorus (Table 8) were well within acceptable precision and accuracy limits.
Data from the GOST method for determination of phosphates in mineral fertilizers -Nitric or hydrochloric acid digestions with differential spectrophotometric detection ( Table 9) were well within acceptable precision and accuracy limits for the reference materials.
Data from the AOAC and AFPC gravimetric method (Table 10) were well within acceptable precision and accuracy limits for the reference materials.
Data from the AOAC INTERNATIONAL/AFPC automated spectrophotometric method (Table  11) were well within acceptable precision and accuracy limits of the reference materials. In all cases, the candidate methods, as well as the AOAC INTERNATIONAL/AFPC automated spectrophotometric method, demonstrated high levels of accuracy. Table 12 is a sample-by-sample presentation of laboratories using the EN (a) method. Table  13 is a sample-by-sample presentation of laboratories that used the GOST (b) method. Table 16 provides a summary of method performance on a sample-by-sample basis for the four selected methods. Based upon the data presented in Tables 12-15 (mean, SD, RSD-R, and HorRat-R), it is apparent there is a high level of agreement among the laboratories using the four methods selected.
